Then it has been shown that a two-fold data rate increase can be obtained by combining data from two transmitter locations using the Zero Forcing algorithm.
I. INTRODUCTION
The meteoric rise in demand for ever higher data-rates along with lower latencies has created new challenges in existing communication networks [1] which has led to research and development of fifth generation (5G) cellular networks. For new systems, the severe scarcity of spectrum in the current cellular bands has led to proposals for use of millimeter waves (mmW), where larger bands of frequency are available to offer high data rates, and in particular, the 60 GHz band, which has attracted substantial interest in recent research due to its unlicensed 7GHz bandwidth [2] .
When adopting 60 GHz in indoor environments, the integration of mmW front end wireless links with Radio-overfiber transmission is an attractive approach [3] . Properties of optical fiber communication such as ultra-high capacity and low loss propagation make it easy to realize a robust architecture for data transport between the Central Unit (CU) and the Remote Antenna Unit (RAU). The RoF part serves as a backbone for the whole network and provides centralized control [4] . RAU communication with the mobile user (MU) at 60 GHz can then be achieved using compact integrated transmitter and receiver units. Since 60 GHz wireless links rely on line-of-sight (LoS) conditions with narrow-beam antennas to compensate for the high path-loss [5] , the coverage for multiple MU locations is still a challenge for 60 GHz communication systems that needs to be addressed, and has been highlighted in recent research [6] . Theoretical analysis has been presented for the indoor coverage of 60GHz systems [7] and the use of repeaters has been proposed to address the coverage issue [8] . However experimental implementations for 60 GHz transmission which show coverage improvement are lacking. Spatial diversity and spatial multiplexing techniques have been widely deployed in lower-frequency systems, such as IEEE 802.11n/ac and LTE 4G standards, to improve the reliability and/or increase the data rate of the system [9] . These can provide coverage improvement for a mmW communication system by making use of the decorrelation of different channel paths from spatially distributed transmitting units. We have previously shown that for a communication system based on photonic generation of a 25 GHz carrier, the use of Alamouti Space Time Block Coding STBC can provide improvement in Error Vector Magnitude (EVM) performance, while higher data rates through multiplexing can be achieved with the use of the Zero Forcing algorithm [10] .
In this paper, a proof of concept to improve the performance of 60 GHz transmission to multiple user locations in indoor environments by using spatial diversity and spatial multiplexing is demonstrated by extending this previous work [10] . The experimental setup consists of OFDM-RoF transport and upconversion to 60 GHz using an integrated transmitter unit. Wireless transmission through 0.5m, 1m and 1.5m channels and performance analysis has been conducted at different user locations. The results have been extended to longer distances through simulations by modelling the experimental mmW environment. To perform theoretical analysis for mmW transmission systems, channel modeling at 60GHz has always been a challenge due to high path-loss and larger bandwidth; conventional channel models cannot be applied since they are [11] channel which accurately models a wide bandwidth channel and is used to analyze the system performance at longer distances. Furthermore, in order to experimentally analyze the performance of Alamouti STBC and Zero Forcing algorithms, the channel estimation at various transmitter and receiver locations is performed. To accomplish this, OFDM preambles (for channel estimation) and pilot tones (for phase tracking) were used to calculate channel coefficients for two transmitter positions and two receiver positions. From these experiments, it has been shown that performance at different user locations can be improved by reducing the EVM to below the threshold value (i.e. 12.5% for LTE) through spatial diversity using STBC processing. Moreover, it has also been demonstrated that multiple user data streams transmitted from different transmitter locations can be combined to obtain twice the data rate using spatial multiplexing through the Zero Forcing (ZF) algorithm.
The paper is organized as follows. Section II presents the experimental setup and its performance. The results have been extended for larger coverage areas using a simulation model in Section III. The geometrical arrangement of the experimental setup to achieve spatial diversity and multiplexing is explained in Section IV along with the results. The paper is concluded in Section V. Fig. 1 shows the experimental setup in which a Distributed Feedback (DFB) Laser (Emcore 1935F) is modulated by an OFDM signal (at an IF of 1.5GHz and data rate of 1Gb/s) generated through a Tektronix 7122C Arbitrary Waveform Generator. The resultant signal is transmitted through a single mode optical fiber to the Central Unit CU where a photodiode (Appointech, 2.5Gbps InGaAs PIN, 0.7A/W) at the other end of the fiber converts the optically modulated signal to an IF signal at the RAU. The system parameters for the experiment can be summarized as in Table. I. The IF signal from the photodiode is passed through a differential balun and DC blocker to be upconverted to 61.5 GHz using a gTSC0020 integrated transmitter with an LO of 10 GHz. The 61.5 GHz data modulated signal is transmitted over 1.5m wireless distance using an 18dBi gain horn antenna. At the other end, the mmW signal is received by a 16.8dBi slot antenna [12] and is downconverted to IF using a gRSC0016 integrated receiver using an LO of 10 GHz. The signal is captured using a Tektronix Digital Oscilloscope DPO72304DX for offline processing which includes carrier synchronization and demodulation for EVM analysis. Fig. 2 shows the performance of the experimental RoF transport from the central unit to RAU (without wireless transmission or 60 GHz upconversion) for different input IF power levels which indicates the input power levels for which optimum performance can be achieved through the initial RoF transport of the setup. The performance of the complete system including 60 GHz wireless transmission versus the power of the data signal from the photodiode after RoF transport is shown in Fig. 3 . This shows that the EVM was found to be less than the 12.5% limit of LTE (for 16-QAM) for the overall system when the receiver was in LoS and in front of the transmitter as indicated by position C in geometric arrangement of the experimental setup in Fig. 4 . Then, the measurements were performed for five receiver locations (A to E) as shown in Fig. 4 which correspond to angular locations of approximately -15° ,-7.5° ,0° ,7.5° and 15° from geometrical measurements. The transmission distance in the experimental analysis was constrained to 1.5m due to lack of availability of 60GHz band amplifier at the transmitter side. A simulation model was developed based on the experimental results through the modelling of the 60GHz indoor experimental environment. The simulation results showed a high degree of agreement with the experimental results for multiple transmission distances of 0.7m, 1m and 1.5m and for the five receiver locations. Further simulations were performed to show the feasibility of the system for longer distances, which are presented in the next section.
II. EXPERIMENTAL SETUP

III. EXTENSION OF EXPERIMENTAL RESULTS USING WIDEBAND MMW CHANNEL MODEL SIMULATIONS
In order to extend the experimental results of the 60 GHz transmission in the previous section to longer transmission distances, simulation of the indoor experimental environment by applying a LoS extension to the wideband modified Saleh Valenzuela (SV) channel impulse response (CIR) [13] has been considered. The modified SV channel model accurately represents wideband fading in terms of clustered multi-paths which is common in wideband mmW propagation environments, and hence has been chosen over other channel models, such as Rayleigh or Rician channel which are valid only for narrowband propagation [11, 13] . Furthermore, other channel models such as WINNER 2, which have been previously used at mmW, are also narrowband and hence cannot be applied to our 305 MHz bandwidth system. Firstly, the coefficients of the wideband modified SV channel, for v-th cluster and u-th resolvable path of that cluster, are given by:
where αl is the receiver CIR of the l-th resolvable multi-path signal component from the transmit antenna and Pl=uv is the power of the u-th resolvable path in the v-th cluster. Here 1 l L ≤ ≤ , where L is the total number of resolvable multi-path components, V denotes the number of clusters, U the number of resolvable paths in one cluster, and L = UV is the total number of resolvable multi-paths at the receiver [14] . l is related to u and v by l vU u = + . In ( = denotes the ToA of the uth resolvable path in the v-th cluster. In our mmW channel, it is assumed that the average power of a multi-path at a given delay is related to the power of the first resolvable multi-path of the first cluster through the following relationship:
where 2 | | , P P uv k l uv α = = represents the expected power of the u-th resolvable path in the v-th multipath cluster connecting the user to the transmit antenna. Ψ and ψ are the corresponding power delay constants of the cluster and the resolvable multipath respectively. For the channel model to be generic, we assume that the delay spread, which is ( 1)
where N τ is the number of time slots per symbol. Secondly, we assume that the L resolvable multi-path components are randomly distributed and does not change over each symbol. Due to the wide bandwidth at mmW, all the L multi-path components can be resolved at the receiver (Rx) [14] . In the LoS extension for modeling directional antennas, it can be assumed that the first multi-path is the dominant component. A high rate of power decay in (2) will make all the other multi-path coefficients of the wideband SV channel close to zero. The parameters for generating the 3D mmW modified SV channel model at 60 GHz are given in Table  II [15] . The comparison between experimental results and simulations is presented in Fig. 5 and shows agreement for various transmission distances and receiver locations which demonstrates the accuracy of the modelling. Based on this observed agreement between the simulated and measured results, the EVM at various angular locations for longer transmission distances is shown in Fig. 6 . The results were obtained by assuming 6dB amplification for 4.5m and 10dB amplification for 10m distance (with 2dB noise figure for both cases) of the transmit power . The simulation for 4.5m distance indicates the practicability of the system in rooms, and at 10m for larger transmission distances such as in shopping malls or airports where access points are usually installed on higher structures. From these results, the average spectral efficiency (in b/s/Hz) at 10m Tx-Rx separation distance has been calculated and plotted in Fig.7 at five user locations. In order to obtain the average spectral efficiency, the Rx SNR has been first calculated using
where the free space path loss Pl at 60GHz, given by 4 . . ~ 66dB at 60GHz
In (3), Eb/No is the Tx SNR as mentioned in Table I , SINRi is the SINR of the i-th beam obtained from modelling the system along with the wideband mmW modified SV channel, C is the Tx sampling rate, B is the channel bandwidth (both are indicated in Table I ), K=4 is the modulation index for 16QAM. In (4), d=10m is the Tx-Rx separation, fc=60GHz is the carrier frequency, and c is the velocity of light. Spectral efficiency is then calculated as: The average spectral efficiency in Fig. 7 has been obtained over 15 simulation runs to characterize the effect of the randomized Additive White Gaussian Noise (AWGN). It can be observed in Fig. 7 that the average spectral efficiency obtained is just over 5 b/s/Hz, when the system parameters in Table I have been applied. The standard deviation was found to be 0.1 for the peak values of the spectral efficiency at these particular user locations.
IV. EXPERIMENTAL ACHIEVEMENT OF SPATIAL DIVERSITY AND SPATIAL MULTIPLEXING
In this section, we demonstrate performance improvement at the previously discussed user locations and transmission distances through spatial diversity and spatial multiplexing. This can be achieved by measuring the channel transfer function for spatially distributed N transmit and M receive units and combining it with the transmitted symbols using STBC Alamouti or Zero Forcing algorithms. This arrangement can be represented as:
where y1 and y2 are the received OFDM symbols for Rx1 and Rx2, x1 and x2 are the transmitted symbols from Tx1 and Tx2, h11, h21, h12, h22 are the measured channel transfer functions and n1, n2 represent the noise. In the first scenario, in order to achieve spatial diversity using the Alamouti STBC algorithm, the encoded signals are transmitted from two transmit locations over two symbol periods. The first period consists of two symbols x1 and x2, simultaneously transmitted, while during the second period, these symbols are transmitted again in the form of -x2* from the first antenna and x1* from the second antenna. The Alamouti STBC decoder restores the transmitted symbol periods using (7) and (8) 
where y1 and y2 are the received signals over two symbol periods and h11, h21, h12, h22 represent the measured channel co-efficient estimated from the transmitted preamble symbols. In the second case, to achieve multiplexing gain using the zero-forcing algorithm, two different symbols x1 and x2 are simultaneously transmitted on two different antennas and the symbols are multiplexed using the zero-forcing algorithm. The zero-forcing algorithm uses (9) to restore the separate data where the weight matrix treats all transmitted signals as interference except for the desired signals from the target transmit antennas.
( )
The complex channel transfer matrix measurements can be obtained by placing transmit antennas at two distributed locations and capturing the data at two receiver location. In order to achieve improvement in performance, the channel transfer function matrix 11 12
was experimentally obtained by selecting two positions for the transmit antenna and marking them with a tape according to the layout shown in Fig 8. The coefficient h11 was measured by placing the transmit antenna in position Tx1 and receive antenna in position Rx1 while h12 was measured by moving the receive antenna to Rx2 (while keeping the transmit antenna at the same position of Tx1). Subsequently, to measure h21, the transmit antenna was moved to Tx2 with receiving antenna at Rx1 and lastly, h22 was measured by moving the received antenna to Rx2 while keeping the transmit antenna at Tx2. These measurements were repeated for different user locations (A-E) over a span of 0.8m at wireless distance of 1.5m (Fig.8) . The experiment was conducted for different separation of 20cm, 30cm and 40cm between Tx1 and Tx2 points as shown in Fig. 8 . The values of h11, h21, h12, h22 are used by (7) and (8) in MATLAB/Simulink software for offline processing using the Alamouti STBC algorithm. The EVM obtained at the five user locations (A to E) was improved using the STBC Alamouti signal processing algorithm for the received OFDM symbols (y1 and y2) as shown by the results in Fig. 9 where EVM for STBC processed output is less than SISO transmission and is under 12.5% (16-QAM limit for LTE) for each user location. STBC improves the transmission performance by making use of its orthogonal codes design and decorrelation of the received signals from multiple transmit locations. Thus, the achieved spatial diversity results in enhancement of coverage at multiple user locations. Additionally, the setup was used to realize multiplexing gains by combining the signals from two transmitter locations. One data stream with 0.5 Gb/s data rate is transmitted through location Tx1 in the first step and the data is captured at points Rx1 and Rx2 by moving the receiving antenna to the respective positions. Then, a second (different) data stream is transmitted through the same transmit antenna from location Tx2 and data was captured again at positions Rx1 and Rx2 as given by (9) . The captured data is processed using the Zero Forcing algorithm to achieve an aggregate 1Gb/s data rate. Fig. 10 shows that the EVM of multiplexed data with combined data rate is under 12.5% EVM limit similar to the the single data stream. This verifies the achievement of multiplexing gain with the proposed system at 60GHz while keeping the spacing between points Tx1 and Tx2 as 20cm, 30cm and 40cm. 
V. CONCLUSIONS
In this paper, the feasibility and analysis of an OFDM-RoF transported 60GHz system was presented and experimentally demonstrated for up to 1.5m transmission distance. A simulation model using a mmW modified SV channel was presented, that accurately modelled the 60 GHz experimental EVM results. The feasibility of the experimental setup for longer wireless distances was shown by extension of simulation results. Experimental results using offline processing, in order to achieve improvement in performance and data rate, show that the channel estimation and use of the channel transfer function at different transmitter and receiver locations provided spatial diversity and multiplexing gain with Alamouti STBC and ZeroForcing algorithms, respectively.
